The non-sporulating diploid strain V327 of Saccharomyces cerevisiae was previously isolated in a search for thermosensitive autolytic mutants. This strain is very efficient a t releasing intracellular proteins into the medium when incubated a t high temperatures. The expression of this lytic phenotype depends on a morphogenetic defect, consisting of the appearance of elongated chains of cells. Transmission electron microscopy revealed a mislocalization of septa at semi-permissive temperatures and a total lack of septation together with abnormal cell wall architecture a t a non-permissive temperature. The septin-encoding CDClO gene was cloned by complementation of the pleiotropic phenotype of the V327 mutant. Rescue and sequencing of CDClO alleles from V327 revealed a point mutation that created a single amino acid change in a region which is well conserved among septins. This new allele was named cdcl0-77. The construction of a cdcl0-ll haploid strain by substituting the CDClO gene with the rescued allele permitted further genetic analyses of the mutation and allowed the construction of new homozygous cdcl0-ll diploid strains that showed a reduced ability to sporulate. Fusing both the wild-type and the cdcl0-ll alleles to green fluorescent protein (GFP) demonstrated that the mutation does not affect the localization of this septin to the bud neck a t the standard growth temperature of 24 OC, although the morphogenetic phenotype a t 37 OC parallels the disappearance of CdclO-GFP a t the ring encircling the septum area. 1
The non-sporulating diploid strain V327 of Saccharomyces cerevisiae was previously isolated in a search for thermosensitive autolytic mutants. This strain is very efficient a t releasing intracellular proteins into the medium when incubated a t high temperatures. The expression of this lytic phenotype depends on a morphogenetic defect, consisting of the appearance of elongated chains of cells. Transmission electron microscopy revealed a mislocalization of septa at semi-permissive temperatures and a total lack of septation together with abnormal cell wall architecture a t a non-permissive temperature. The septin-encoding CDClO gene was cloned by complementation of the pleiotropic phenotype of the V327 mutant. Rescue and sequencing of CDClO alleles from V327 revealed a point mutation that created a single amino acid change in a region which is well conserved among septins. This new allele was named cdcl0-77. The construction of a cdcl0-ll haploid strain by substituting the CDClO gene with the rescued allele permitted further genetic analyses of the mutation and allowed the construction of new homozygous cdcl0-ll diploid strains that showed a reduced ability to sporulate. Fusing both the wild-type and the cdcl0-ll alleles to green fluorescent protein (GFP) demonstrated that the mutation does not affect the localization of this septin to the bud neck a t the standard growth temperature of 24 OC, although the morphogenetic phenotype a t 37 OC parallels the disappearance of CdclO-GFP a t the ring encircling the septum area.
INTRODUCTION
The yeast cell wall is responsible for shaping the cell and protecting it against an osmotically hostile environment (Klis, 1995; Cid et al., 1995; Orlean, 1997) . Cell wall synthesis during budding is coordinated with nuclear and cytoskeletal events during the cell cycle and depends on the organization of complex actin-based structures in the submembrane region. The cortical cytoskeleton, which seems to act as a scaffold that directs polarized secretion to the growing areas, consists of actin and a vast array of actin-binding proteins. It concentrates at the growing tips of emerging buds and at developing septa (Botstein et al., 1997) . Another cytoskeletal structure, comprising a family of homologous proteins called septins, assembles as a ring of microfilaments at the neck between the mother and daughter cell, and lies under-Abbreviation: GFP, green fluorescent protein.
neath the chitin-rich ring in the cell wall (Longtine et af., 1996) . The septin ring may play an important role in the spatial localization of chitin in the cell wall, probably by acting as a cytoskeletal scaffold for directing the development of the chitin-rich constriction at the mother-bud neck (DeMarini et af., 1997) . The septinbased structure probably also accounts for certain other important cell-cycle-dependent morphogenetic events, such as the control of cell polarity and septum formation (Longtine et al., 1996; Chant, 1996) . Despite this, little is known about how these cytoskeletal structures physically assemble, or about the molecular mechanisms of the putative functions ascribed to this ring. Saccharomyces cereviszae has seven septin-encoding genes in its genome. Four of them (CDC3, CDCIO, CDCI1 and CDCIZ) code for proteins that assemble at the mother-bud neck from late G1 at the incipient bud site through the cell cycle and remain there well after cytokinesis (Ford & Pringle, 1991 V. J. CID a n d OTHERS 1987; Kim et al., 1991) . Another two members of the septin family (SPR3 and SPR28) code for sporulationspecific products which assemble in distinct structures surrounding the prospore (Ozsarac et al., 1995; De Virgilio et al., 1996) , probably by participating in the spatial localization of spore wall synthesis and other events during the sporulation process. The role of a seventh septin homologue, which was detected during the sequencing of the S. cerevisiae genome, remains unknown. Recently, septin homologues have also been found in other fungi [Candida albicans (DiDomenico et al., 1994) and Aspergillus nidulans (Momany & Hamer, 1997) ], in insects [Drosophila (Neufeld & Rubin, 1994; Fares et al., 1995) ], in mice (Kinoshita et al., 1997) and even in human cells (Nakatsuru et al., 1994; McKie et al., 1997) . Like other cytoskeletal proteins, all septins bear a consensus nucleotide-binding region in their sequence and often contain putative coiled-coil regions (Flescher et al., 1993; Longtine et al., 1996) . The functional assembly of the four mitotic septins at the neck ring seems to be interdependent, since mutations in any of the CDC3, CDC10, CDC21 and CDC12 genes cause the same effects, apparently as a consequence of the loss of this structure (Adams & Pringle, 1984; Ford & Pringle, 1991; Haarer & Pringle, 1987; Kim et al., 1991) .
It is predictable that, regarding both their timing and spatial localization, the dynamics of cytoskeletal scaffolds that direct morphogenesis during the cell cycle, such as cortical actin and the septin ring, must be accurately regulated by complicated signalling pathways. Cell lysis can occur as a consequence of failures in such morphogenetic mechanisms and hence the study of lytic mutants from the budding yeast S. cerevisiae may offer an interesting approach for understanding cell integrity and morphogenesis (Cabib & Durhn, 1975 ; Cid et al., 1998) .
Previously, we reported the isolation of a series of lytic mutants from a diploid strain of S. cerevisiae, some of them showing interesting morphogenetic defects prior to cell lysis (Cid et al., 1994) . One of these mutants, strain V327, displayed a peculiar elongated morphology reminiscent of that described for mutants in the putative components of the microfilament ring at the mother-bud neck (Hartwell, 1971; Adams & Pringle, 1984) , more recently termed, as stated above, septins. In this paper, we demonstrate that the V327 autolytic mutant bears a homozygous cdclO mutation. We also study the consequences of the presence of a non-functional septin in cell wall architecture, presenting evidence that cell lysis may be a consequence of the development of an abnormal, and therefore non-functional, cell wall.
METHODS
Yeast strains, growth media and culture conditions. The S. cerevisiae strains used in this work are listed in Table 1 . Strains VCY235a, VCY214a and VCY228c were constructed by mating VCYl to 19/2-37d, HVY244 and YB25 respectively, sporulating and studying the segregants. Cells were grown either in 250 ml flasks containing 50 ml or in culture tubes with 5 ml YED (2%, w/v, glucose; 1 '/o yeast extract), for general purposes, or SD (1-7 g 1-1 Difco nitrogen base without amino acids ; 0.5 '/o, w/v, ammonium sulphate ; 2 '/o, w/v, glucose) plus the required amino acids for plasmid maintenance. YEG medium is YED in which glucose has been substituted by the same proportion of galactose. Solid media were based on the same formulation plus 2 % (w/v) agar. Growth temperatures were 24 "C for general purposes and 37°C for the expression of the lytic phenotype in mutant strains. T o induce sporulation of diploids, cells were first grown on solid PSM (1 '/o, w/v, yeast extract; 3 '/o, w/v, meat extract; 5 '/o, w/v, glucose) and transferred to SM (1 '/o, w/v, potassium acetate; 0.1 '/o, w/v, yeast extract; 0.025 '/o glucose) and incubated at 24 "C.
Yeast genetics. All matings, sporulations and dissections were carried out according to standard protocols (Sherman, 1991 ; Sherman & Hicks, 1991) . Zygotes and spores were isolated by micromanipula tion.
Molecular biology techniques. Escherichia coli trans-
formation and other molecular biology techniques were performed as described by Sambrook et al. (1989) and Ausubel et al. (1993) . Restriction endonucleases and other enzymes were provided by Boehringer Mannheim. The plasmids used in this work were YIp5 (New England Biolabs), pT7-Blue (Novagen), YEp352 (Hill etal., 1986) , YCplll-CDC10 (kindly provided by J. Pringle, Dept. of Biology, University of North Carolina, USA), YEpl3-CDC3, YEp24-CDC10, YEp24-C D C l l and YEp24-CDC12 (kindly provided by M. Snyder, Dept. of Biology, Yale University, USA), pGFP-C-FUS (Niedenthal et al., 1996) and pUC19 (Ausubel et al., 1993) .
The cDNA library in pRS316-GAL1 (Liu et al., 1992) , kindly provided by C. Gimeno (Whitehead Institute, Massachusetts Institute of Technology, USA), was constructed by subcloning cDNA obtained from the CUY13 strain into the SalIINotI sites of that plasmid. The cDNA library in pYES2 (Invitrogen) was constructed by subcloning S. cerevisiae cDNA into the SacI/NotI sites of pYES2 and was kindly provided by E. Herrero (Dpto de Ciencas Medicas Basicas, Universidad de Lleida, Spain). Yeast transformation was performed by the one-step lithium acetate protocol (Chen et al., 1992) . The pVCla-f plasmids were constructed by directly subcloning PCR products from six identical reactions into the pT7-Blue vector. The six constructions bore the insert in the same orientation. PCR reactions were carried out under standard conditions using genomic DNA from strain V327 as template and the following primers : upper 5' CACCACCATTCTTA-TGAGATTTCAA 3'; and lower 5' GTGAAGGATTTCCT-AGCGGTACCAAC 3'. The pVC2a-f plasmids were obtained by subcloning the corresponding 1.4 kb XbaI-Sac1 fragments from the pVCl series into the same restriction sites of the centromeric plasmid pRS316 (Sikorski & Hieter, 1989) . XhoI-Sac1 fragments from the pVC2 series of plasmids were cloned into SalIISacI-digested YEp352 to generate a third series of plasmids, namely pVC3a-f. For the construction of pRVla-c, the 3' half of the mutant alleles in pVC2a-c was substituted by the equivalent Hind111 fragment from the YCplll-CDC10 plasmid and the correct orientation was confirmed. The same fragment in the YCplll-CDC10 plasmid was substituted by the equivalent Hind111 fragment from the pVC2a-c plasmids and the correct orientation checked, leading to the generation of plasmids pRV2a-c. Morphogenesis in a septin mutant following oligonucleotides as primers : upper 5' GGTCTA-GAGTGAAGGATTTCCTAG 3' and lower 5' CCATCGA-TTGGTGGACGTTGAATGGCGTTG 3'. The upper primer bears a non-hybridizing tail containing an XbaI restriction site and the lower one a similar tail containing a ClaI site. The PCR product was digested with these enzymes and ligated into an XbaI/ClaI-cleaved pGFP-C-FUS plasmid, thus generating the pLAlO plasmid. The pLAll plasmid was constructed by substituting the 0.7 kb BarnHI-BglII fragment within the CDCIO gene in pLAlO with the equivalent BarnHI-BglII fragment from pVCla.
CDCZO-GFP (CDCZ
Electron microscopy. For transmission electron microscopy, cells were pre-fixed with a glutaraldehyde solution for 24 h as described by Miret et al. (1992) and then fixed with 1.5% (w/v) potassium permanganate for 60 min at 4 "C. Fixed cells were carefully washed with water several times and then dehydrated through an acetone gradient (30, 40, 50, 60, 70, 80, 90 and 100%, v/v; 15 min in each). Samples were embedded in Epon 812 resin (Electron Microscopy Sciences) following the manufacturer's instructions. The solid product was cut into ultrathin slices with an Ultracut machine, treated with lead citrate and uranyl acetate and observed under a JEOL 1010 electron microscope.
Fluorescence microscopy. Staining of cell wall chitin was carried out as described by Pringle (1991) . Propidium iodide staining for the detection of lysed cells was performed as described by De la Fuente et al. (1992) . The fluorescence microscope was equipped with an HB-10101 AF mercury fluorescent lamp from Nikon. Photographs were taken with a Nikon FX-35A camera and the films used were Ilford 400 ASA.
Release of intracellular proteins from lysed cells.
These experiments were performed in YED medium in 50 ml cultures grown in 250 ml flasks, inoculated to OD,,, 0.5 with cells from a preinoculum grown at 24 "C and then incubated at 24 "C (controls) or 37 "C (for expression of the lytic phenotype). Samples taken to prepare cell extracts were adjusted to OD,,, 1 in a 1 ml volume. Cells were resuspended in TE and added to an equivalent volume of glass beads (0.45 mm diameter) and vortexed for three consecutive intervals of 1 min. Spinning the samples in a microfuge at 1OOOOg for 5 min allowed the recovery of the supernatant. Samples were kept at 0-4 "C throughout the process. Alkaline phosphatase activity was determined by hydrolysis of the chromogenic substrate pnitrophenyl phosphate as described by Molina et al. (1998) .
RESULTS

Cell lysis in the V327 mutant takes place only after the expression of a severe morphogenetic phenotype
The V327 mutant strain has previously been reported to undergo severe cell lysis when incubated at the restrictive temperature of 37 "C (Cid et al., 1994) . We evaluated the presence of intracellular proteins in the medium in a V327 culture under lysis-inducing conditions by measuring the activity of vacuolar alkaline phosphatase, both in cell extracts and in the medium. No alkaline phosphatase activity was detected in the medium when the cells were incubated at 24 "C, while 46-5 units of alkaline phosphatase activity were measured after 9 h at 37 "C. Consistent with this, the high activity detected in cell extracts (1174 units) was reduced by more than 20fold after a 20 h incubation at 37 "C. These results indicate that the V327 mutant releases most of its intracellular contents upon exposure to high incubation temperatures, although unlike other lytic mutants (Alvarez et al., 1994) , cell lysis is not immediate after the temperature shift.
V327 mutant cells develop elongated buds that are unable to complete cytokinesis (Cid et al., 1994) . This prompted us to hypothesize that these morphological abnormalities are a prerequisite for cell lysis. Obser-On: Sun, 30 Dec 2018 13:03:00 V. J. CID a n d OTHERS vation of 360 lysed (propidium iodide stained) cells from a liquid V327 culture after 5 h at 37 "C showed that only Morphogenesis in a septin mutant
Septum mislocalization alters cell wall architecture in the V327 mutant
The lack of cell separation in the V327 mutant suggested incomplete cell division, and the observation that propidium iodide stained all attached cells homogeneously (data not shown) indicates that septation is probably defective. We also observed that incubation of the V327 mutant at the intermediate temperature of 28 "C allowed growth and wild-type-like cellular morphology, but mother and daughter cells frequently remained attached to each other as observed by phasecontrast microscopy (data not shown), thus pointing to a partial defect in cell separation. We explored the development of septa by transmission electron microscopy in the wild-type (Dl) and mutant (V327) strains, both at the semi-permissive temperature (28 "C) and at the restrictive temperature (37 "C). As shown in Fig. 1 , observation under semi-permissive conditions clearly revealed that septa were mislocalized in the mutant strain. Interestingly, septa moved from their normal localization in the middle of the constriction (Fig. l a ) towards the daughter cell ( Fig. lc) . This causes the appearance of protruding scars on the surface of the mother cell ( Fig. Id) . Asymmetrical, unilateral or partial septa were repeatedly observed ( Fig. l b ) ; the occurrence of these non-functional septa could account for the proportion of cells that fail to accomplish cytokinesis at this temperature, as detected by phase-contrast microscopy.
Cells incubated at the restrictive temperature of 37 "C displayed severe morphogenetic defects (Fig. 2) , which can be interpreted as an enhancement in the severity of the cytokinesis defects observed at 28 "C. For instance, cytoplasmic lacunae included in the cell wall ( Fig. 2a-c ) may derive from unilateral septa that are totally mislocalized, generated at sites different from the mother-daughter constriction. In fact, at 37 "C no septa, abortive or not, are localized at the bud neck. Often, aberrant cell wall invaginations into the cytoplasm (Fig.  2c, d ) and thickened areas in the cell wall ( Fig. 2a ) appear at random abnormal sites at the cell surface. These thickened cell wall structures may account for the spots showing high affinity for calcofluor white, characteristic of this mutant (see below). After several generations at the restrictive temperature, the irregularities in cell wall architecture are probably the origin of unprotective wall areas that eventually lead to a loss of cell integrity. The overall observations suggested that this mutant has a failure in the mechanisms that localize the morphogenetic machinery for the formation of a uniform septum around the mother-bud neck.
The pleiotropic phenotype of the V327 mutant is complemented by a septin-encoding gene
Unlike the isogenic strain D1, V327 was unable to sporulate, precluding classic genetic analysis of the mutation. Tetraploids constructed by spheroplast fusion of strains V327 and D1 did not differ in behaviour from wild-type D1 + D 1 tetraploids (Cid et al., 1994) . Thus, we speculated that the V327 strain might be homozygous for a recessive mutation (that we named lyt4), a phenomenon that we had previously detected in at least one other mutant isolated in the same mutagenesis experiment (Cid et af., 1998) . With a view to cloning and studying the LYT4 gene or suppressors of the lyt4 mutation, the V327 strain was transformed in parallel with two cDNA libraries (one centromeric and the other episomal; see Methods) under the control of the GAL1 promoter. Complementing clones were selected by growth at 37 "C, leading to the isolation of a stable positive clone from the centromeric library and two from the episomal one. Restriction analyses revealed that the inserts in the three clones were identical, and subsequent sequence analyses revealed that they corresponded to the CDClO cDNA from S. cerevisiae. Consistent with these results, the YEp24-CDC10 and YCplll-CDC10 plasmids (episomal and centromeric vectors, respectively, containing fragments of different sizes from the S. cerevisiae genome, both containing the CDClO gene) were also able to complement the lytic phenotype of the V327 strain.
The CDClO gene product is a member of the septin family (Longtine et af., 1996) . Its homologues Cdc3, Cdcll and Cdcl2 have been found to localize to a ringshaped cytoskeletal structure at the mother-daughter constriction that might play important morphogenetic functions during the mitotic cycle (Ford & Pringle, 1991; Haarer & Pringle, 1987; Kim et al., 1991) . The identical cytokinesis-defective phenotype described for all thermosensitive cdc3, cdcl 0, cdc2 1 and cdcl2 mutations (Hartwell, 1971) suggests that these proteins play an interactive role in septum formation. The CDC3, CDCl1 and CDC22 genes did not complement any of the phenotypic traits of the V327 mutant, as demonstrated by transformation of this strain with the YEpl3-CDC3, YEp24-CDC11 and YEp24-CDC12 plasmids (data not shown). However, the presence of the YEp24-C D C l l plasmid enhanced the severity of the morphogenetic defects of the V327 mutant, even at the permissive temperature (data not shown). Slater et af. (1985) have previously shown that septin mutants develop abortive septa, reminiscent of those observed in V327 (Fig. 2 ) . Moreover, disruption of CDClO has been reported to cause a thermosensitive defect in cytokinesis together with the appearance of elongated buds (Flescher et al., 1993) . Thus, the idea that fyt4 was allelic with cdcZO was consistent with the observations made thus far, and hence the lyt4 allele was characterized further.
lyt4 is a novel cdcl0 allele
The above-mentioned inability of the V327 strain to sporulate, even when transformed with CDCI 0-containing plasmids, precluded the application of classical genetics. Therefore, molecular approaches such as the rescue and analysis of CDClO alleles from the V327 strain were necessary to confirm that lyt4 was a new cdclO mutant allele. When performed on a diploid strain, this is a time-consuming strategy, but it does allow the study of genes possibly essential for the sporulation process that cannot be achieved by classical genetics. Northern blot experiments revealed that the CDClO gene was expressed in the V327 mutant (data not shown), suggesting that the putative cdcIO mutation did not lie in the promoter. We therefore focused our genetic approach on the coding region. To have a high probability of representing both alleles from the diploid V327 strain, we worked in parallel with the products from six different PCR reactions performed using V327 genomic DNA as template. The 13.54 bp amplified fragments were inserted into the pT7-Blue vector, thus generating the series of six pVCla-f plasmids. Subcloning the cdcl0-containing 1-4 kb fragments from the pVC1 series into the same restriction sites of the centromeric pRS3 16 vector (see Methods) generated the series of six vectors named pVC2a-f. Subsequent subcloning of the six inserts into YEp352 generated a third series of vectors containing six cdclO rescued alleles named pVC3a-f. None of the six centromeric vectors from the pVC2 series and none of the six episomal vectors from the pVC3 series were able to complement the V327 mutant phenotype, suggesting that the six rescued alleles were non-functional. The observation of TD28 transformants with plasmids from the pVC3 series together with a YEp352-transformed control proved that the presence of a high number of copies of the rescued mutant cdclO alleles did not affect cell growth or morphology in a wild-type strain.
To determine whether the mutation lies in the 5' or in the 3' half of the gene we constructed chimaeric genes, taking advantage of an internal HindIII restriction site located within the ORF. A fragment of the cdclO rescued alleles in pVC2a, pVC2b and pVC2c was substituted by the equivalent fragment from the wild-type gene and vice versa, generating the pRV1a-c and pRV2a-c series of plasmids. Thus, the pRVl series contains the 5' half from the rescued cdclO alleles and the 3' half from the wild-type CDClO gene, while the pRV2 series contains the wild-type CDCZO 5' half plus the 3' half from the rescued alleles. Transformation of strain V327 with these chimaeric plasmids revealed that only the three plasmids from the pRVl series were able to complement the lytic phenotype, suggesting that the mutation mapped to the 3' end of the gene. The HindIII fragments from pVC2a, pVC2b and pVC2c were cloned into pUC19 to facilitate sequencing from universal and reverse primers, and both strands of each clone were sequenced twice. Analysis of these sequences revealed only one point mutation with respect to the published sequence of CDClO (Steensma & Van der Aart, 1991) . Consistent with the mechanism of action of the mutagen used (Cid et al., 1994) , there was a G to A change, which implies a substitution of the glycine in position 179 with aspartate in the encoded protein. The mutation lies in a region that is well-conserved in septins throughout phylogeny (Fig. 3) . These results indicate that the lyt4 mutation defines a novel cdcZ0 allele, which we have named cdcl0-11. The putative peptide encoded by this allele will be henceforth referred to as C d~1 0~~"~. Since the possibility that one of the two alleles in the diploid V327 strain might not be represented in these six amplifications was remote, it is very likely that the morphogenetic phenotype in this mutant was due to the presence of cdcl0-11 in homozygosis.
Confirmation of this point required the construction and phenotypic analysis of haploid cdcl0-11 strains. This was achieved by substituting the CDClO allele in Fluorescence microscopy of calcofluor white stained cells of (a) wild-type strain 1784, (b) VCY1 (cdc70-71) , (cdclO-ll chs3::LEU2), (d) VCY228c (cdclU-ll chsS::LEU2), (e) VCY235a (cdclU-11 chs2::LEU2) , all grown at 37 "C. Areas with intense calcofluor staining (arrows) are distributed randomly over the cell surface in all strains bearing a cdcl0 mutation (b-e), independently of the chitin-synthase-defective backgrounds. (cdc7O-11; right half) transformed with either pLAlO (bearing a CDCIO-GFP fusion; upper section) or pLAl1 (bearing a cdcIO-I I-GFP fusion; lower section) after incubation a t 24 or 37 "C. The wild-type CdclO-GFP fusion protein localizes to the neck in both strains at both temperatures, complementing the phenotype of VCYl a t 37 "C. The mutant C~C~O~'~~~-G F P fusion protein does not localize in either the wild-type or the mutant strain at the non-permissive temperature. Bars, 5 pm. the 1784 strain by homologous recombination. For this purpose, we introduced the SmaI fragment from pVC2a containing the cdclO-1 1 allele into the NruI target of the integrative plasmid YIPS, transformed strain 1784, and forced recombination and loss of the URA3 marker. The resulting strain, VCY 1, displayed a morphogenetic phenotype indistinguishable from those of the cdc10 disruptant strains Y881 and Y882. It also mimicked all the morphogenetic and lytic defects described above for the original V327 strain, including the presence of abnormal septa observed by electron microscopy (data not shown) and the presence of cell wall areas with a strong affinity for calcofluor white (Fig. 4) . This Auorochrome probably stains cell walls through its interaction with chitin (Roncero et al., 1988) . However, the areas of high fluorescence after calcofluor white staining in cdcZ0-1 1 mutants persisted in chsZ cdc10-1 1, chs3 cdcl0-11 and chs.5 cdcl0-11 double mutants ( Fig. 4c-e ), depleted for chitin synthase 11 (in the first case) or chitin synthase I11 (in the other two). These spots may account IP: 54.70.40.11
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Morphogenesis in a septin mutant for the thickened and abnormal cell wall areas shown in Fig. 2 .
Mating of VCYl to the isogenic wild-type strain 1783 yielded a non-lytic diploid, confirming the recessive character of the cdcI0-I1 mutation, and tetrad analysis of the resulting diploid revealed a 2 : 2 lytic : non-lytic segregation. In addition, we constructed a series of homozygous cdcI0-I1 mutants to compare their phenotype to that of the original V327 strain. To do so, the VCY 1 strain and its isogenic wild-type strain 1784 were crossed with three strains of the opposite mating type, namely 1783 (isogenic to 1784), TD28 and YPH499. The resulting diploid strains DV2 (1783 x VCYl), DV4 (TD28 x VCY1) and DV6 (YPH499 x VCY1) were sporulated again and some of the cdcI0-I I segregants of the opposite mating type obtained were mated to generate the homozygous cdcI0-I I strains W327, X327, Y327 and 2327. Except for the W327 strain, whose genetic background should be identical to that of the control wild-type diploid DV1 (1783 x 1784), the other diploid strains generated bore different combinations of the 1783, TD28 and YPH499 backgrounds. All of them behaved like the V327 strain when incubated at 37 "C regarding the cytokinesis, bud elongation and lytic phenotypes described above. The 2327 strain, like the original V327 strain, was completely unable to undergo sporulation. The other three strains were able to sporulate, giving rise to a 4:0 ratio of 1ytic:non-lytic progeny. However, the sporulation efficiency of the W327 strain was four times lower than that of the isogenic control DV1 (1783 x 1784) strain, implying that in this particular background the cdcI0-I1 mutation affected the ability to sporulate. The X327 strain only reduced the sporulation efficiency to half that of the DV1 strain, while the Y327 strain sporulated with an efficiency 10 times lower. Fares et al. (1996) have reported that homozygous cdcIO deletants are able to sporulate in two different genetic backgrounds, although with a lower efficiency in one of them. Our results agree with those reported by those authors and lead us to conclude that the cdcI0-I1 mutation is at least as deleterious for sporulation as the elimination of the gene and that the severity of this defect to a large extent depends on the genetic background. C d~1 0~'~~~ does not localize to the septin ring at 37 "C Up to this point, the data presented imply that the cdc20-11 allele causes a loss of function of the encoded protein, at least at a high incubation temperature. As mentioned above, disruption of the gene causes an identical temperature-dependent phenotype (Flescher et al., 1993) , suggesting that CdcIO is essential for the maintenance of the septin ring only at a high temperature. It was expected that the CdclO septin assembled at the neck ring together with its homologues Cdc3, Cdcll and Cdcl2 (Ford & Pringle, 1991; Haarer & Pringle, 1987; Kim et al., 1991) . We studied the localization of CdclO and the involvement of the cdcI0-I2 mutation in this localization by generating CdclO-GFP C-terminal fusions of both the wild-type and the mutant alleles. The results from these experiments are shown in Fig. 5 . After transformation of the wild-type strain 1784 with pLA10, carrying the wild-type fusion, we observed that the CDCIO gene product localized to a single or double ring at the mother-daughter neck in all budding cells. A ring was also conspicuous in some unbudded cells in exponential-phase cultures. This localization pattern seems indistinguishable from the one described using immunofluorescence by Ford & Pringle (1991 ), Haarer & Pringle (1987 and Kim et al. (1991) for the homologous proteins Cdc3, Cdcll and CdcI2. No fluorescence was observed in stationary-phase cultures, in which most cells were unbudded. CdclO is directed to the neck ring at both 24 and 37 "C. However, we were unable to detect any localized fluorescence in transformants of the same wild-type strain bearing the pLAll plasmid, which carries the cdcI0-I I-GFP fusion. This suggests that the mutant allele has a lower ability to recognize its attachment site at the ring than the wildtype allele and hence in the presence of a wild-type protein there is no attachment of mutant protein to the ring, due to competition. The pLAlO plasmid was able to complement the cdcIO-lI mutation : the VCY 1 strain transformed with this plasmid grew at all temperatures tested and did not show lysis or morphogenetic alterations. The ring was visible under the fluorescence microscope at both 24 and 37 "C ( Fig. 5 ). By contrast, as expected, pLA11, containing the cdcl0-I I-GFP fusion, did not complement the mutant phenotype of the VCY 1 strain. However, the mutant fusion did localize at 24 "C, indicating that, at least at low temperatures, the cdcI0-I I mutation does not affect the cellular localization of the protein. At the restrictive temperature of 37 "C, when the morphogenetic phenotype was expressed, no fluorescence could be detected. It is interesting to note that expression of the cdcl0-I1 mutant phenotype runs parallel to the disappearance of C~C~O~~~'~-G F P at the bud neck, suggesting that the mutant protein localizes properly at low temperatures but fails to exert its function in the maintenance of the septin ring at 37 "C.
DISCUSSION
We have characterized a budding yeast cdclO-lI allele that causes a temperature-inducible lytic phenotype. Ultrastructural cell wall studies indicate that cell lysis might be a consequence of the existence of areas of abnormal cell wall architecture. The CDCIO gene encodes a polypeptide that belongs to the septin family, a fairly new group of structural proteins involved in mechanisms that are important for cell morphogenesis and cytokinesis (see Longtine et al., 1996 , for a review). In the budding yeast S. cerevisiae, four members of this family, namely Cdc3, CdclO, Cdcll and Cdcl2, are thought to be constituents of the ring of microfilaments present in the bud neck during different stages of the mitotic cycle, as deduced from the localization of Cdc3, Cdcll and Cdcl2 (Ford & Pringle, 1991; Haarer & Pringle, 1987; Kim et al., 1991) . The common phenotype of the four mutants, a disassembly of this ring structure and the generation of multinucleate cells with abnormally elongated buds (Hartwell, 1971 ; Byers & Goetsch, 1976; Adams & Pringle, 1984) , is consistent with a role for this structure in the coordination of morphogenesis during the different stages of the mitotic cycle.
Our characterization of morphogenetic disorders in cdc20-2 2 mutants (Figs 1 and 2) afforded data consistent with this concept: septa are slightly mislocalized at semi-permissive temperatures and are completely absent at restrictive temperatures. Moreover, cell wall biosynthesis is erroneously directed to random sites, sometimes including cytoplasmic lacunae that may derive from unilateral septa. One hypothesis to explain these observations is that the septin ring may act as a structure that recognizes local cell surface signals at the bud neck for anchorage of the machinery responsible for the centripetal formation of the primary septum. If this were the case, septins would be essential for the localization of the biosynthetic mechanisms at the neck, but not for their activation. A partial failure in this structure would cause septum drift, as shown in Fig. 1 , but total disassembly of the ring would imply loss of the neck tag and so the activation of morphogenesis would take place at random spots, presumably leading to severe alterations in cell wall architecture such as the unilateral septa shown in Fig. 2 . We found that loss of the GFPfused C d~l O~l ' '~ at the neck area is coupled with the expression of the phenotype ascribed to the disassembly of the septin ring; that is, bud elongation and a cytokinetic failure (Fig. 5) . These results agree with the notion that morphogenetic failures are a direct consequence of the loss of the ring to which CdclO belongs. This hypothesis can only be understood by considering that each mitotic septin (Cdc3, CdclO, Cdcll and CdcI2) contributes independently to the assembly of the whole structure in such a way that the other three septins are unable to assemble when one of them is missing.
The cdcl0-22 allele contains a point mutation that causes a G to D transition in a domain which has been well conserved in septins throughout evolution (Fig. 3) . In fact, the Klso adjacent to the mutated residue is conserved in all known septins ranging from those in yeasts to those in humans. Little is known about how these proteins polymerize or interact with each other, but the definition of such essential domains could offer an initial approach for an understanding of how septin microfilaments assemble and the budding yeast could be a feasible model organism in which to perform such studies. The cdc20-2 1 allele induces a temperaturesensitive phenotype identical to those observed for the temperature-sensitive alleles of the other mitotic septins. Although we cannot discard the notion that cdcl0-12 is a temperature-sensitive allele, it might instead result in the total dysfunction of the protein, since deletion of the CDC2 0 gene elicits an identical temperature-sensitive phenotype (Flescher et al., 1993) . This implies that unlike other septins, which are essential for cell viability at any temperature (reviewed by Longtine et al., 1996) , the function of CdclO is dispensable at 24°C under standard growth conditions. In spite of its non-essential role, we demonstrated that CdclO is situated at the ring at 24 "C and not only at high temperatures, when it is apparently required. Our results for the intermediate temperature of 28 "C ( Fig. 1) indicate that, as the growth temperature is raised, the phenotypes ascribed to the disassembly of the septin ring become more severe in a cdc20-2 2 defective background. In summary, we propose that CdclO is important for the stability of this structure at an elevated incubation temperature.
This work highlights the assumed role of CdcIO (and probably of all septins) in morphogenesis for septum development. Indeed, these proteins seem to define the precise landmark where the septum should be positioned. However, septins are thought to be involved in several other events in the budding yeast life cycle, including the selection of budding sites (Chant et al., 1995; Sanders & Herskowitz, 1996) , the localization of chitin synthase I11 activity (DeMarini et al., 1997) , the coordination of morphogenetic events for mating (Konopka et al., 1995; Giot & Konopka, 1997 ) and a structural role in sporulation De Virgilio et al., 1996) . Considering this latter point, we found that the septin encoded by CdCZO is important for sporulation, although its role is partially dispensable in most backgrounds, even when the cytokinesis impairment is severe. These results add further weight to the work of Fares et al. (1996) , who studied the involvement of the Spr3, Cdc3 and Cdcll septins in spore development. In spite of the importance of the septinbased structure in yeast development, revealed by the mutant phenotypes, little is known about the molecular mechanisms that control the assembly of the neck ring or about how this structure directs the different morphogenetic events. Septin-GFP fusions are a promising tool for the study of the dynamics of this structure in uiuo. Septin assembly is very probably coordinated by cell-cycle-dependent signals and is important for the definition of morphogenetic patterns (L. Adamikova and others, unpublished data). It is to be hoped that the study of this family of proteins will help our understanding of the complexity of the precise mechanisms on which cell shape and cell integrity depend.
